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Laccase was immobilized on granular activated carbon (GAC) and the resulting GAC-bound 25 
laccase was used to degrade four micropollutants in a packed-bed column. Compared to the free 26 
enzyme, the immobilized laccase showed high residual activities over a broad range of pH and 27 
temperature. The GAC-bound laccase efficiently removed four micropollutants, namely, 28 
sulfamethoxazole, carbamazepine, diclofenac and bisphenol A, commonly detected in raw 29 
wastewater and wastewater-impacted water sources. Mass balance analysis showed that these 30 
micropollutants were enzymatically degraded following adsorption onto GAC. Higher 31 
degradation efficiency of micropollutants by the immobilized compared to free laccase was 32 
possibly due to better electron transfer between laccase and substrate molecules once they have 33 
adsorbed onto the GAC surface. Results here highlight the complementary effects of adsorption 34 
and enzymatic degradation on micropollutant removal by GAC-bound laccase. Indeed laccase-35 
immobilized GAC outperformed regular GAC during continuous operation of packed-bed 36 
columns over two months (a throughput of 12,000 bed volumes).  37 
Keywords: Laccase; Granular activated carbon; Micropollutants; Biotransformation, 38 
Immobilization 39 
  40 
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1. Introduction 41 
Conventional wastewater treatment processes have been specifically designed for the removal of 42 
basic water quality parameters such as suspended solids and chemical oxygen demand. Their 43 
removal efficiency for micropollutants is low and highly variable. As indicated by the term 44 
‘micropollutants’, these contaminants occur in wastewater at very low concentrations (i.e., as 45 
low as a few ng/L). They can induce certain therapeutic or toxic effects and thus can pose a 46 
considerable risk to the aquatic environment and even human health (Alexander et al., 2012; 47 
Schwarzenbach et al., 2006).  48 
Laccases (E.C. 1.10.3.2) are oxidoreductive enzymes that can catalyze the oxidation of 49 
especially phenolic and certain non-phenolic compounds.  Recent studies have demonstrated that 50 
laccase can efficiently degrade a broad spectrum of micropollutants that are hardly degradable by 51 
conventional biological processes (Tran et al., 2010; Yang et al., 2013b). However, major 52 
drawbacks of using freely suspended laccase are loss of enzymatic activity and continuous loss 53 
of laccase with treated effluent. These drawbacks hinder the application of laccase to remediation 54 
and increase the operational cost.  55 
A potential approach to overcome the above mentioned drawbacks is to immobilize laccase onto 56 
solid supports. The advantages of laccase immobilization have been evaluated mainly using 57 
phenol as a model toxic compound (Davis and Burns, 1992). Several previous studies have also 58 
investigated degradation of dyes by immobilized laccase (Modin et al., 2014; Sathishkumar et 59 
al., 2014). By contrast, only a few studies have investigated the removal of micropollutants by 60 
immobilized laccase (Cabana et al., 2009; Hou et al., 2014; Lloret et al., 2012).  61 
Immobilization of laccase has been demonstrated on different kinds of inert (e.g., alginate beads 62 
and aluminum oxide pellets) as well as active (e.g. silica gel, zeolite and activated carbon) 63 
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support materials. These materials were chosen due to their high surface area, mechanical 64 
strength, and non-toxic nature (Daâssi et al., 2014). Several methods have been developed for the 65 
immobilization of laccase such as entrapment, ionic interaction, covalent attachment, 66 
encapsulation and adsorption. The immobilization methods are primarily based on physical, 67 
covalent and affinity interactions between laccase and supports (Cristóvão et al., 2011; Daâssi et 68 
al., 2014). Among these methods, physical adsorption is a simple and economical process. 69 
However, the choice of inert supports requires that their surfaces are properly modified in order 70 
to offer functional groups for protein binding (Hou et al., 2014; Lloret et al., 2012). In this 71 
context, activated carbon, which is a well-known adsorbent, could be beneficial for laccase 72 
immobilization without the use of bonding reagents.  73 
Granular activated carbon (GAC) is characterized with high specific surface area, high 74 
adsorption capacity, porous structure and commercial availability in high purity standards. These 75 
characteristics make GAC a potential support for enzyme immobilization. For example, Daoud et 76 
al. (2010) showed activated carbon as an effective adsorbent for cellulase immobilization.  The 77 
structure of laccase is unlikely to be perturbed during the adsorption process which is important 78 
to maintain laccase activity. However, there are only a few reports in the literature regarding 79 
laccase immobilization on activated carbon (Davis and Burns, 1992; Liu et al., 2012). 80 
Furthermore, previous studies using GAC-bound laccase have only tested its performance in 81 
batch or semi-continuous mode (Cristóvão et al., 2011; Hou et al., 2014). The performance of 82 
GAC as a support material during continuous operation over an extended period is unknown. 83 
This is a significant research gap that hinders the use of immobilized laccase for continuous 84 
treatment of micropollutants.  Therefore, in this study the performance of GAC-bound laccase is 85 
assessed in both batch and continuous operation modes.  86 
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Notably, activated carbon such as GAC can efficiently adsorb a wide range of micropollutants 87 
(Nguyen et al., 2013a; Skouteris et al., 2015), but as with all adsorbents, micropollutant 88 
adsorption  onto GAC decreases with the operation time due to surface area saturation 89 
(Hernández-Leal et al., 2011; Nguyen et al., 2013a). Therefore, replenishment and/or 90 
regeneration of GAC is required to maintain the system performance. In this context, pre-91 
adsorption of laccase on GAC can be used as a strategy for in-situ regeneration of GAC. 92 
Immobilized laccase could degrade the adsorbed micropollutants and liberate sorption sites. 93 
Moreover, co-adsorption of laccase and micropollutants on GAC may improve the 94 
biodegradation by laccase due to the enhancement of electron transfer between laccase and 95 
micropollutants after adsorption (Zille et al., 2003). For example, Zille et al. (2003) observed an 96 
improvement in the removal of dyes due to their adsorption and subsequent laccase-mediated 97 
degradation. Nevertheless, the implications of co-adsorption of laccase and micropollutants on 98 
GAC remains poorly understood.    99 
The aim of this study is to investigate immobilization of laccase on GAC and consequently use it 100 
for the removal of micropollutants in a continuous flow packed-bed reactor. The performance of 101 
immobilized and freely suspended laccase was systematically compared to highlight the benefit 102 
of laccase immobilization on GAC, particularly focusing on the added advantages of using an 103 
adsorbent as the support. With critical analysis of the data related to enzymatic activity, coverage 104 
of GAC surface area by the enzyme and the micropollutants, and overall micropollutant removal, 105 





2. Methods 109 
2.1 Micropollutants, granular activated carbon and laccase 110 
Four micropollutants namely bisphenol A (BPA), diclofenac (DCF), carbamazepine (CBZ) and 111 
sulfamethoxazole (SMX) were selected based on their widespread occurrence in water and 112 
wastewater and their different degree of removal by laccase in previous studies (Nguyen et al., 113 
2014a; Yang et al., 2013b). Bisphenol A is well degraded by laccase, while the removal of 114 
diclofenac is moderate (Yang et al., 2013a). On the other hand, carbamazepine and 115 
sulfamethoxazole have been reported to be resistant to degradation by laccase (Nguyen et al., 116 
2013b; Yang et al., 2013b). These compounds were selected to facilitate a systematic 117 
investigation of the effect of GAC-bound laccase on their removal. The physicochemical 118 
properties of these micropollutants are summarized in Supplementary Data Table S1.  119 
GAC-1300 (Activated Carbon Technologies Pty. Ltd., Victoria, Australia) with a specific surface 120 
area of 1180 m2/g was chosen as the laccase support. The GAC was sieved to obtain 0.4 - 0.7 121 
mm particles, washed with Milli-Q water to remove fine particles, and dried at 100 ºC for 24 h.  122 
The GAC was then modified by washing with hydrochloric acid (HCl) because it has been 123 
reported that such washing enhances laccase immobilization by increasing the number of surface 124 
carboxylic acid groups (Alkan et al., 2009; Cho and Bailey, 1979). The acid-wash procedure 125 
involved treating 50 g of GAC in 400 mL of HCl (1 M) for 12 h. The GAC was mixed 126 
thoroughly and heated at 60 ºC using a magnetic stirrer hot plate. It was then rinsed with Milli-Q 127 
water to remove chloride ion until the conductivity of the supernatant was 25 mS/cm or less and 128 
then dried overnight at a temperature of 100 ºC.   129 
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A commercially available laccase (Novozyme 51003) supplied by Novozymes, Australia was 130 
used in this study. This enzyme was purified from genetically modified Aspergillus oryzae. The 131 
molecular weight of this enzyme is 56 kDa. The enzyme stock solution had a density, purity and 132 
activity of 1.12 g/mL, approximately 3% (w/w) and 150000 mM(DMP)/min (measured using 2,6-133 
dimethoxy phenol (DMP) as substrate), respectively.  134 
2.2 Laccase immobilization 135 
Acid-washed GAC was used directly for laccase immobilization without any further 136 
modifications. Two grams of acid-washed GAC was suspended in 50 mL laccase solution in 400 137 
mL beakers. The laccase solution was prepared by diluting 3 mL of stock laccase solution into 138 
50 mL Milli-Q water. The solution showed an activity of 8100 µM(DMP)/min, which is equivalent 139 
to a laccase dose of 0.108 g. The laccase immobilization process was carried out in a rotary 140 
shaker at a shaking speed of 70 rpm and temperature of 25 ᵒC for 24 h. It was confirmed via prior 141 
investigations that laccase adsorption on GAC reached equilibrium by 24 h. The supernatant of 142 
the solution was decanted and the residual laccase activity was measured (6000 µM(DMP)/min). 143 
Additionally, partially saturated GAC samples (30 % of the maximal laccase adsorption capacity 144 
of GAC) were prepared. The micropollutant removal performance of these two GAC samples 145 
differently loaded with laccase was compared (see Section 2.4.1). Additional samples were 146 
prepared to assess the immobilization of laccase on non-acid washed GAC. 147 
2.3 Assessment of laccase stability  148 
2.3.1 pH and temperature tolerance  149 
The effect of solution pH on the stability of laccase preparations was studied by incubating free 150 
and immobilized laccase in sodium citrate buffer solutions over a pH range of 3 to 9 on a rotary 151 
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shaker at 25 ºC.  Free laccase was added to Milli-Q water to obtain a test solution with an initial 152 
laccase activity of 35 µM(DMP)/min, and 50 mg of laccase-immobilized GAC was added to 153 
separate containers to match that enzymatic activity. The residual laccase activity was measured 154 
after 2, 4 and 8 h of incubation.  The thermal stability was assessed by incubating free and 155 
immobilized laccase at different temperatures (i.e., 30-70 °C) for 8 h. 156 
2.3.2 Reusability 157 
The reusability of immobilized laccase was first assessed by repeatedly incubating a 50 mg 158 
sample of GAC with the enzymatic activity measurement reagent (see Section 2.5.1). In each 159 
run, laccase activity of the solution was measured after 2 min, the spent solution decanted, the 160 
GAC washed with Milli-Q water, and then fresh reagent was added to start the next run. The 161 
same process was repeated for 20 cycles. As described in Section 2.4.1, reusability was also 162 
assessed in terms of micropollutant degradation during repeated cycles.   163 
2.4 Micropollutant degradation by GAC-bound laccase  164 
2.4.1 Repeated use of immobilized laccase 165 
The micropollutant removal performance of GAC and laccase-immobilized GAC (partial and 166 
full saturation) was first evaluated in batch tests. The reaction mixture contained 50 mg GAC or 167 
laccase-immobilized GAC and 100 mL of micropollutant solution (each at 2.5 mg/L) in a 400 168 
mL beaker. The initial concentrations of the micropollutants and GAC were selected such that 169 
the micropollutant loading exceeded the maximum adsorption capacity of GAC, thus allowing 170 
the effect of laccase-catalyzed degradation to be clearly observed. In order to demonstrate that 171 
the improved micropollutant removal was due to biodegradation and not merely due to 172 
adsorption on the support, a similar protocol using elevated concentrations of the micropollutants 173 
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was proposed by Nguyen et al. (2014b). The reaction mixture was incubated in a rotary shaker at 174 
70 rpm and 25 ºC for 2 h. Micropollutant removal efficiency was measured based on their initial 175 
and final aqueous phase concentrations (Equation 1):  176 
𝑅 =  
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝐶𝑓𝑖𝑛𝑎𝑙
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙
               Equation 1 177 
Where Cinitial and Cfinal are initial and final concentrations. After each run, the supernatant was 178 
decanted and fresh micropollutant solution was added to start the next cycle.  179 
2.4.2 Contribution of biodegradation to overall removal 180 
The removal of micropollutants by the immobilized laccase system is due to a combination of 181 
micropollutant adsorption onto the GAC and their degradation by laccase. In order to reveal the 182 
role of biodegradation in micropollutant removal, a series of experiments was carried out with 183 
GAC and free and immobilized laccase. The test solution (100 mL) included each micropollutant 184 
at a concentration of 2.5 mg/L. The free laccase solution possessed an activity of 37 185 
µM(DMP)/min. To match this activity, 50 mg of laccase-immobilized GAC was added separately 186 
to test solution. Additional containers with 50 mg GAC was prepared to assess the extent of 187 
micropollutant adsorption. At the end of the incubation period, the micropollutant concentration 188 
in the aqueous phase and on GAC was measured (see Section 2.5.3).  189 
2.4.3 Packed-bed column set up 190 
Two borosilicate glass columns (Omnifit, Danbury, CT, USA) were filled with 7.5 g of GAC and 191 
laccase-immobilized GAC. The columns had an internal diameter of 1 cm and an active length of 192 
22 cm, resulting in a bed volume (BV) of 17 mL (Supplementary Data Figure S2). The bottom 193 
and top ends of the column were plugged with glass fiber to prevent any loss of GAC. The feed 194 
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solution was pumped through the column in an up-flow mode at a flow rate of 2.4 mL/min 195 
(equivalent to 8.5 BV/h) via a peristaltic pump (Masterflex L/S, USA), resulting in an empty bed 196 
contact time (EBCT) of 7 min in each column. The feed was prepared daily in Milli-Q water 197 
using micropollutant stock solution to get the final concentration of 0.5 mg/L of each compound. 198 
Given that an adsorbent was used as a support for enzyme immobilization, the micropollutant 199 
concentration was selected to be higher than the reported concentration in real wastewater 200 
samples to accelerate the breakthrough of the micropollutants. This helped clearly demonstrating 201 
the advantage of laccase immobilization on GAC during continuous operations.   The column 202 
temperature was maintained at 28ºC by a temperature controller (Julabo, Germany).  The 203 
columns were operated for 60 days (12000 BV) and the concentration of feed and effluent was 204 
measured every three days. At the end of experiment, the residual micropollutant concentrations 205 
on GAC in each column were measured and mass balance was conducted.  206 
2.5 Analytical methods 207 
2.5.1 Enzymatic activity assays 208 
Laccase activity was determined by monitoring the oxidation of 10 mM DMP in 100 mM 209 
sodium citrate buffer (pH 4.5) over 2 min at room temperature. The reaction was started by the 210 
addition of DMP to the sample in presence of the sodium citrate buffer solution. The 211 
measurement was based on the change in absorbance at 468 nm. Laccase activity was then 212 
calculated from the molar adsorptivity, ɛ468 nm = 49.6/(mM cm) and expressed in μM(DMP)/min. 213 
For the assay of the immobilized laccase, a sample of 50 mg was used.  The reaction condition 214 
used were the same as those described in the free laccase assay. The final activity of laccase-215 
immobilized GAC was expressed in µM(DMP)/min gGAC.   216 
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2.5.2 Surface area analysis of GAC preparations 217 
The surface area and pore volume of the GAC samples before and after laccase immobilization 218 
and after use in micropollutant removal tests were investigated. Gas sorption studies were carried 219 
out at the Wollongong Isotope and Geochronology Laboratory using a Quantachrome Autosorb 220 
MP instrument. Samples were degassed under dynamic vacuum at 80 °C for 12 h before 221 
collecting isotherms at 77 K up to 1 bar using high purity nitrogen (99.999 %) gas. The 222 
adsorption-desorption isotherms have been presented in Supplementary Data Table S3. Surface 223 
areas were determined using Brunauer-Emmett-Teller (BET) calculations. Micropore (< 2 nm) 224 
calculations were performed using the MP method within the Quantachrome ASiQWin 3.0 225 
software. Quenched solid density functional theory analysis was performed based on 226 
slit/cylindrical pores for carbon. 227 
2.5.3 Micropollutant analysis 228 
A HPLC system (Shimadzu, Kyoto, Japan) was used to measure the micropollutant 229 
concentrations. It was equipped with a 300 × 4.6 mm (5 μm pore size) C-18 column (Supelco 230 
Drug Discovery, Sigma–Aldrich, Australia) and an UV–vis detector. The detection wavelength, 231 
column temperature, and sample injection volume were 280 nm, 20 °C, and 50 μL, respectively. 232 
The mobile phase comprised of acetonitrile and Milli-Q water buffered with 25 mM KH2PO4. 233 
Two eluents, A (80% acetonitrile and 20% buffer, v/v) and B (20% acetonitrile and 80% buffer, 234 
v/v) were delivered at 0.7 mL/min through the column for 30 min. The eluents were added in 235 
time-dependent gradient proportions [Time (min), B (%)]: [0, 85], [5, 40], [8, 0], [22, 85]). The 236 
limit of quantification for the miropolltants under investigation using these conditions was 237 
approximately10 μg/L.  238 
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Micropollutant adsorption on GAC and laccase-immobilized GAC was measured following a 239 
solvent extraction method (Wijekoon et al., 2013). Freeze-dried samples were thoroughly mixed 240 
with 5 mL of methanol. The mixture was then sonicated for 10 min and the supernatant was 241 
collected. The remaining solid mass was subjected to further extraction using 5 mL methanol and 242 
dichloromethane (1:1 v/v) and the supernatant was collected. The extracted micropollutant in the 243 
solution was measured by HPLC analysis as described above. The extraction efficiency of 244 
bisphenol A, diclofenac, carbamazepine and sulfamethoxazole was 84, 98, 82 and 79%, 245 
respectively.  246 
3. Results and discussion 247 
3.1 Immobilization efficiency 248 
In this study, laccase was immobilized onto GAC by direct adsorption in the absence of any 249 
coupling reagents to promote bonding of the enzyme on GAC. Prior to laccase immobilization, 250 
the GAC was subjected to pre-treatment by acid washing. The acid-washed GAC achieved a 251 
significantly higher proportion of adsorbed laccase (an activity of 750 µM(DMP)/min gGAC, 252 
equivalent to 10 mg laccase/gGAC) in comparison to non-acid washed GAC (92 µM(DMP)/min 253 
gGAC). The superior adsorption of laccase on acid-washed GAC could be due to the removal of 254 
debris on the GAC during the acid-wash process. Indeed, BET surface area calculations based on 255 
the adsorption isotherms of GAC and acid-washed GAC indicate that acid-washing reveals a 256 
further 8% of N2-accessible surface (Table 1). However, another possible reason for the better 257 
adsorption of laccase is that the acid washing process has been shown to develop more 258 
carboxylic groups on the GAC surface, which could enhance laccase adsorption. Davis and 259 
Burns (1992) observed an increase in carboxylic groups on  surface of GAC after acid washing. 260 
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Overall, due to its superior activity, acid-washed GAC was used for laccase immobilization in 261 
the rest of the study.  262 
According to the analysis of the surface area and pore volume data (Table 1 and Supplementary 263 
Data Figure S4), the surface of the GAC used in this study predominantly (ca. 80%) comprised 264 
micropores. In the case of the lower enzyme loading (i.e., 30% saturation), the enzyme appeared 265 
to be distributed/immobilized across all sites over the GAC, perhaps more at sites with pore-266 
width greater than 3 nm (Supplementary Data Figure S5). A significant reduction in pore volume 267 
in the 2 to 5 nm pore-width region was noted when the enzyme loading was increased (i.e., ‘full’ 268 
saturation), which evidenced that additional enzyme was distributed mostly in those pores 269 
(Supplementary Data Figure S5). Nevertheless, it was confirmed that, even at saturation 270 
coverage, laccase might occupy as much as 36% of the GAC surface (laccase-immobilized GAC 271 
806 m2/g vs GAC without laccase 1279 m2/g). The remaining surface area on GAC after laccase 272 
adsorption can be utilized for the removal of micropollutants via co-adsorption as further 273 
discussed in Section 3.3.  274 
[TABLE 1] 275 
3.2 Stability of immobilized laccase 276 
3.2.1 pH tolerance and thermostability 277 
The pH of a solution can significantly affect the structure and activity of enzymes. It is thought 278 
that pH influences the state of ionization of amino acids in a protein (Jordaan et al., 2009). If the 279 
state of ionization of amino acids is altered then the ionic bonds that help to determine the 3-D 280 
shape of the protein can be altered and may lead to inactivation of the enzyme. The stability of 281 
free and GAC-bound laccase was studied in the pH range 3.5 to 9 in solution. Both free and 282 
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GAC-bound laccase exhibited high levels of stability at neutral and basic pH (< 10% 283 
denaturation after 24 h of incubation). However, the GAC-bound laccase showed higher stability 284 
at acidic pH (3.5 and 4) (Figure 1). This observation suggests that GAC may confer some kind of 285 
protection to the bound laccase in the acidic pH region. Similar benefit of laccase immobilization 286 
(i.e., applicability over a broader pH range)  was reported in a few studies, which however, used 287 
other supports than GAC such as magnetic chitosan  (Jiang et al., 2005), polyethyleneimine 288 
coated spheres (Jordaan et al., 2009) and coconut fiber (Cristóvão et al., 2011). It is thought that 289 
the multi-point attachment on the support could improve the rigidification of the protein and 290 
protect it from denaturation. The increase in stability of GAC-bound laccase is a valuable point 291 
because it offers a greater opportunity for its use in the treatment of acidic wastewater, a 292 
common problem for many industries. Furthermore, in a previous study (Nguyen et al., 2014a),  293 
solution pH significantly influenced the micropollutant removal performance by free laccase: 294 
diclofenac was significantly degraded at the acidic pH only. However, the free laccase was 295 
significantly deactivated at acidic pH, which is problematic if a continuous treatment process 296 
were to be developed. The results in the current study confirm that GAC-bound laccase, which 297 
enhances stability of laccase at acidic pH, could be particularly suitable for the removal of some 298 
micropollutants. Further discussion regarding micropollutant removal is provided in Section 3.3. 299 
[FIGURE 1] 300 
The stability of the free and immobilized laccase was compared over a temperature range of 30 301 
to 70 ºC. This study confirms the increase in temperature resistance of laccase due to 302 
immobilization on GAC. As can be seen in Figure 2, the activity of both free and GAC-bound 303 
laccase was stable at 30 and 40 ºC. However, the activity of the GAC-bound laccase was greater 304 
at temperatures between 60 and 70 ºC: at 60 ºC, the GAC-bound laccase retained more than 85% 305 
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of its activity as compared to 43% in case of free laccase (Figure 2). Immobilization can increase 306 
enzyme rigidity, thus improving stability against denaturation due to temperature rise (Hu et al., 307 
2007). Nicolucci et al. (2011) reported that laccase immobilization on polyacrylonitrile beads 308 
maintained 80% of its initial activity, while  free laccase was inactivated completely at 70 ºC. 309 
Alkan et al. (2009) also reported similar findings. Evidently, the solid supports have a stabilizing 310 
effect that raises the temperature at which enzyme inactivation occurs. The physical 311 
characteristics of tolerance to a broad pH and temperature range make GAC-bound laccase a 312 
promising system for treating wastewater.  313 
[FIGURE 2] 314 
3.2.2 Reusability of GAC-bound laccase 315 
The reusability of laccase is an essential feature for its industrial application. In this study, the 316 
GAC-bound laccase maintained activity completely for up to 8 cycles of continuous application 317 
(Figure 3). Afterwards, the residual laccase activity gradually decreased and reached 55% after 318 
20 cycles. This observation is in line with other available reports where laccase immobilization 319 
has been shown to improve the reusability (Keerti et al., 2014; Sathishkumar et al., 2014). The 320 
results of this study are comparable or better than those reported in the literature using inert 321 
supports (Keerti et al., 2014; Spinelli et al., 2013). For example, Spinelli et al. (2013) stated that 322 
the activity of amberlite-bound laccase reduced to 30% within 7 cycles. It is possible that due to 323 
the weak physical bonds of the laccase and inert support, the operational stability is often lower. 324 
On the other hand, the surface of GAC may contain carboxylic groups and other surface oxides 325 
which could potentially bond with amino groups of laccase. Thus, despite using a method 326 
designed for the physical immobilization of laccase to the GAC support, it is conceivable that 327 
some covalent bonds may have formed between laccase and the activated GAC surface in this 328 
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study.  The decrease in laccase activity in the later cycles could be due to leaching and/or 329 
denaturation of the enzyme during the reactions as further discussed in Section 3.3.1.  330 
[FIGURE 3] 331 
3.3 Micropollutant removal by GAC-bound laccase 332 
3.3.1 Reuse of the immobilized enzyme 333 
The removal of micropollutants by GAC-bound laccase was investigated in this work by 334 
repeated addition of fresh micropollutant solution for 20 cycles. A similar degree of 335 
micropollutant removal efficiency by GAC and laccase-immobilized GAC (partial/full 336 
saturation) was achieved in the first three cycles (Figure 4), demonstrating that the 337 
immobilization of laccase on GAC did not affect micropollutant adsorption on GAC. In fact, 338 
large portions of GAC surface (65%) remained available after laccase immobilization (Table 1). 339 
The laccase-catalyzed degradation was evident in the following cycles in that the removal 340 
efficiency of the GAC-bound laccase was higher. After biodegradation, the adsorption sites on 341 
GAC are liberated and cycle of sorption-biodegradation could begin anew. Therefore, the 342 
immobilization of laccase in GAC enables the regeneration of GAC sorption sites, allowing 343 
reuse. Additionally, it prevents the total saturation of GAC, which is a necessary feature if 344 
operation at continuous mode is desired. 345 
It is also important to note that the better removal of micropollutants by GAC-bound laccase 346 
compared to GAC was compound-specific. Significant difference in the removal of bisphenol A 347 
and diclofenac and to some extent for carbamazepine and sulfamethoxazole, by GAC-bound 348 
laccase and GAC was observed (Figure 4). These results could be explained by the difference in 349 
laccase-catalyzed degradation capacity and affinity of the micropollutants for adsorption on 350 
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GAC. Laccase could achieve high biodegradation of bisphenol A and moderate biodegradation 351 
of   diclofenac possibly due to the presence of the phenolic and aniline groups in their structures, 352 
respectively (Nguyen et al., 2014a; Yang et al., 2013b). Thus the degradation of bisphenol A and 353 
diclofenac by laccase regenerated adsorption sites for the next cycle. On the other hand, the 354 
immobilized laccase showed only minimal (10%) improvement in the removal of carbamazepine 355 
and sulfamethoxazole. This can be attributed to their resistance to biodegradation (Hai et al., 356 
2011; Yang et al., 2013b). The presence of strong electron withdrawing groups in these 357 
compounds (carbamate in carbamazepine and sulfone in sulfamethoxazole) renders them less 358 
susceptible to degradation by laccase.  359 
A unique aspect revealed in the current study is the impact of the amount of laccase immobilized 360 
on GAC on micropollutant removal (Figure 4). Overall, the higher laccase loading (‘full’ 361 
saturation) achieved the highest removal of all compounds in all cycles. However, for 362 
carbamazepine and sulfamethoxazole, the removals achieved by the immobilized laccase 363 
preparations (i.e., ‘full’ and 30% saturation) were close, possibly because of the inherent 364 
resistance of these compounds to lacccase-catalyzed degradation.  365 
Interestingly, a significant increase in pore-volume in the 2 to 5 nm pore-width region was 366 
noticed after the laccase-immobilized GAC was used to remove micropollutants from test 367 
solutions (Supplementary Data Figure S5). Increase in surface area and pore volume on GAC 368 
after the micropollutant test (Table 1) indicates dislodgement of enzyme from the GAC surface 369 
in the course of the batch test. Because no enzymatic activity was detected in the test solution, 370 
this possibly indicates that the dislodged enzyme molecules were also denatured. This can 371 
explain why the laccase activity and micropollutant removal efficiency by GAC-bound laccase 372 
gradually decreased (Figure 4). As noted in Section 3.2.2, previous studies have also reported 373 
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about the gradual diminution of laccase activity during reuse of immobilized enzyme 374 
preparations (Daâssi et al., 2014; Modin et al., 2014), but the current study offers additional 375 
insights into this aspect by presenting the micropollutant removal data and illustrating the 376 
dynamics of surface area of the immobilization support (i.e., GAC)  during reuse.  377 
[FIGURE 4] 378 
3.3.2 Role of laccase-catalyzed degradation 379 
Removal of micropollutants by GAC was due to adsorption, whereas the removal of 380 
micropollutants by GAC-bound laccase was via simultaneous adsorption and degradation. In 381 
order to distinguish between adsorption and laccase-catalyzed biodegradation, the fate of the 382 
micropollutants (i.e., residual amount in liquid phase, adsorbed onto GAC and biodegraded) was 383 
assessed by extracting residual micropollutants from the GAC at the end of the incubation 384 
period. The adsorbed amount onto GAC was calculated taking the extraction efficiency into 385 
account (Section 2.5.3). The micropollutant removal efficiency of free laccase was compared 386 
with the biodegraded portion by the GAC-bound laccase (Figure 5). In comparison to the 387 
micropollutant degradation by free laccase, the GAC-bound laccase achieved higher degradation 388 
(10 - 50% difference). Apparently co-adsorption of laccase and micropollutant onto GAC 389 
facilitated enhanced micropollutant degradation by laccase. Zille et al. (2003) reported that 390 
immobilization of enzyme on alumina led to a more consistent performance for dye removal  due 391 
to combined adsorption and biodegradation. The co-adsorption of dyes and laccase could 392 
promote the interaction of dyes with active sites of laccase (Hai et al., 2008; Zille et al., 2003). In 393 
this study, the benefit of laccase immobilization in micropollutant degradation was significant 394 
for compounds which are often resistant to laccase degradation such as diclofenac and 395 
carbamazepine. Inadequate oxidative efficiency of the laccase and the steric hindrance or 396 
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obstructed transfer of electrons between laccase and the substrate  are two main reasons for the 397 
resistance of micropollutants (d'Acunzo and Galli, 2003). In this study, the enhancement in the 398 
degradation of micropollutants is possibly due to the enhancement of electron transfer between 399 
laccase and substrate molecules after adsorption on the GAC surface. Further studies on the 400 
specific mode of degradation improvement would be interesting but that is beyond the scope of 401 
this study. 402 
Previous studies have used inert supports that showed low or no adsorption of micropollutant, 403 
such as TiO2, silica or polyacrylonitrile beads (Cabana et al., 2007; Hou et al., 2014; Lloret et al., 404 
2012). However, compared to the free enzyme, lower micropollutant removal efficiencies were 405 
reported using these inert supports. For example, free laccase could achieve 90% removal of 406 
bisphenol A, whereas only 25% was achieved by cross-linked laccase aggregates (Cabana et al., 407 
2007). By contrast, in the current study, the immobilized enzyme consistently showed better 408 
performance than free enzyme. Overall, the results here highlight the benefit of using an active 409 
support such as GAC.     410 
[FIGURE 5] 411 
3.3.3 Continuous flow packed-bed enzymatic reactor 412 
Two GAC-packed reactors (with and without laccase immobilization) were operated in parallel 413 
continuously for 60 d for the investigation of micropollutant removal. A complete removal of 414 
bisphenol A, diclofenac, sulfamethoxazole and carbamazepine was achieved by both columns 415 
until a BV of 6000, 8000, 4000 and 5000, respectively, following which the removal of 416 
micropollutants by the GAC-only column gradually decreased (Figure 6). The column with 417 
laccase-immobilized GAC maintained steady removal of all micropollutants for further 2000 to 418 
3000 BV, but the removal efficiency eventually started to decline. The gradual reduction of the 419 
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micropollutant removal by the GAC column can been attributed to the saturation of adsorption 420 
sites (Nguyen et al., 2013a).  Unlike in the GAC column without laccase, the removal of 421 
micropollutant by the GAC-bound laccase can occur in three stages: (i) extensive adsorption on 422 
GAC and negligible degradation by laccase at the initial phase (Russo et al., 2008) , (ii) 423 
adsorption on GAC  and degradation by laccase at equilibrium phase (see Supplementary Data 424 
Figure S6), and (iii) decline of laccase-catalyzed degradation due to the dislodgement of enzyme 425 
from GAC surface and denaturation (as noted in Section 3.3.1). Similar results were reported by 426 
Cabana et al. (2009) who investigated the elimination of nonylphenol, bisphenol A and triclosan 427 
fro five repeated batch treatment cycles in a packed –bed reactor by laccase covalently 428 
immobilized on diatomaceous earth. The current study demonstrates some advantages of laccase 429 
immobilization on GAC including better stability of laccase and regeneration of GAC through 430 
enzymatic degradation of adsorbed micropollutants (Supplementary Data Figure S6). Overall, 431 
simultaneous adsorption and laccase degradation prolonged the lifetime of the GAC-bound 432 
laccase column.  433 
 [FIGURE 6] 434 
To date, the removal of micropollutants by immobilized laccase has been reported only for semi-435 
continuous systems (Cabana et al., 2009; Hou et al., 2014). Cabana et al. (2009) achieved a 436 
complete removal of  bisphenol A, triclosan and nonylphenol by laccase immobilized through 437 
the formation of cross-linked aggregates. Hou et al. (2014) evaluated the degradation of 438 
bisphenol A by laccase immobilized on TiO2. However, the long-term operation of GAC-packed 439 
enzyme reactors remains a challenge, and the current study, reporting observations made over a 440 
period of 12000 BV, fills a critical knowledge gap in this context. 441 
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4. Conclusions  442 
Data presented in this study confirm that GAC-bound laccase could overcome some of the 443 
associated problems in using free laccase for the catalytic degradation of micropollutants. The 444 
immobilization of laccase improved laccase reusability and stability over a broad range of pH 445 
and temperature. Compared to GAC and free laccase, the GAC-bound laccase removed 446 
micropollutants more effectively. This study made clear the complementary effects of enzyme 447 
immobilization and micropollutant adsorption on GAC on the degradation of four commonly 448 
detected micropollutants in wastewater via investigations in batch and continuous flow packed-449 
bed reactors.  450 
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List of figures: 558 
Figure 1: Effect of solution pH on the stability of (a) free laccase and (b) GAC-bound laccase 559 
(full saturation). 50 mg of laccase-immobilized GAC was used to obtain an initial activity 560 
comparable to that of the free laccase solution. The error bars represent standard deviation of 561 
duplicate samples.  562 
Figure 2: Effect of temperature on the stability of free laccase and  GAC-bound laccase (full 563 
saturation). 50 mg of laccase-immobilized GAC was used to obtain an initial activity comparable 564 
to that of the free laccase solution. The error bars represent standard deviation of duplicate 565 
samples.  566 
Figure 3: Reusability of the GAC-bound laccase as indicated by the stability of enzymatic 567 
activity. The error bars represent standard deviation of duplicate samples.  568 
Figure 4: Removal of micropollutants during reuse of the immobilized-laccase preparation. The 569 
error bars represent standard deviation of duplicate samples. BPA, DCF, SMX and CBZ stands 570 
for bisphenol A, diclofenac, sulfamethoxazole, and carbamazepine, respectively. 571 
Figure 5: Overall fate of micropollutants following treatment (24h) via GAC, free laccase and 572 
GAC-bound laccase. BPA, DCF, SMX and CBZ stands for bisphenol A, diclofenac, 573 
sulfamethoxazole, and carbamazepine, respectively. 574 
Figure 6: Removal efficiency of micropollutants by continuous flow columns packed with GAC 575 
with and without laccase immobilization as a function of throughput (bed volumes). BPA, DCF, 576 










































































Figure 1 Effect of solution pH on the stability of (a) free laccase and (b) GAC-bound laccase 583 
(full saturation). 50 mg of laccase-immobilized GAC was used to obtain an initial activity 584 
comparable to that of the free laccase solution. The error bars represent standard deviation of 585 
duplicate samples. 586 
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Figure 2 Effect of temperature on the stability of (a) free laccase and (b) GAC-bound laccase 588 
(full saturation). 50 mg of laccase-immobilized GAC was used to obtain an initial activity 589 
comparable to that of the free laccase solution. The error bars represent standard deviation of 590 





































Figure 3 Reusability of the GAC-bound laccase as indicated by the stability of enzymatic 594 































































































































































































Figure 4 Removal of micropollutants during reuse of the immobilized-laccase preparation. The 601 
error bars represent standard deviation of duplicate samples. BPA, DCF, SMX and CBZ stands 602 





















































































































Figure 5 Overall fate of micropollutants following treatment (24h) via GAC, free laccase and 607 
GAC-bound laccase. BPA, DCF, SMX and CBZ stands for bisphenol A, diclofenac, 608 
sulfamethoxazole, and carbamazepine, respectively. 609 
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927 1010 826 651 696 
Total pore 
volume (cc/g) 
0.889 0.912 0.756 0.629 0.693 
Micropore pore 
volume (cc/g) 
0.513 0.532 0.444 0.370 0.389 
a Laccase was immobilized on acid-washed GAC; bAfter reusing the immobilized laccase preparation for 613 
removal of micropollutants in batch tests 614 
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Figure S6: Fate of micropollutants in the GAC and laccase-immobilized GAC columns 669 
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